Heavy metal phytoremediation from a meta-analytical perspective.
INTRODUCTION 1
Phytoremediation is defined as the use of plants to remove pollutants from the 2 environment (Cunningham et al. 1995; Salt et al. 1998) . Inorganic pollutants, such as plant trace 3 elements (e.g. Cr, Cu, Fe, Mn, Ni, and Zn) and non-essential elements (e.g. Cd, Co, and Pb), 4 9 414 4. DISCUSSION 415 We observed that both plant HM content and concentration, which are indicators of 416 actual plant HM uptake, strongly and significantly increase as soil-HM concentration increases; 417 this trend being found for each individual HM studied. This is remarkable considering that some 418 plants tolerate high tissue HM content or concentration, with levels as high as 325 mg [Ni] DM -1 419 for Alysum corsicum and 125 000 mg [Pb] kg -1 DM for Raphanus sativus (Chen 420 et al. 2003a) , while soil-HM concentration increased by approximately three to five orders of 421 magnitude. In this regard, the predictive model for actual plant HM uptake from our meta-422 analytical results suggests that plants are able to accumulate heavy metals at higher soil-HM 423 concentrations, and then an even greater potential for phytoremediation purposes than indicated 424 in published reports so far. This is in agreement with the criterion that an effective HM 425 phytoextraction requires that plants be increasingly tolerant to high plant-HM and soil-HM 426 concentrations (Chaney et al. 1997; Meagher 2000; Pilon-Smits 2005; Salt et al. 1995 Salt et al. , 1998 . 427
On the other hand, both SEY % and BCF, indicators of relative plant HM uptake, were shown to 428 strongly and significantly decrease as soil-HM concentration increases; this trend being found for 429 each HM studied, with few exceptions. Hence, HM phytoextraction was declining relative to 430 increasing soil-HM concentration, even though the actual HM uptake was linearly increasing. 431
This response of decreased relative uptake is likely linked to the increased cost associated with 432 tolerance to high plant HM levels, for example the cost of phytochelatin production or HM 433 sequestration (Cobbett 2000; Maier et al. 2003; Wang et al. 2005) . Furthermore, the decrease in 434 relative plant HM uptake could also be the result of direct and/or indirect challenges such as HM 435 toxicity causing plant poisoning, soil pH changes, and mineral imbalances (Foy et al. 1978; 10 plants (Giller et al. 1998; Hayman and Tavares 1985; Leyval et al. 1997; McGrath et al. 1995) . 438
From our results, the predictive model for relative plant HM uptake suggests that HM 439 phytoextraction becomes less effective as soil-HM concentration increases when the metabolic 440 costs of HM uptake and sequestration are taken into consideration. This, therefore, challenges 441 the aforementioned criteria for effective phytoextraction. 442
As for the individual HM studied, all share, at varying strengths, the general trend of 443 positive correlation between plant HM content or concentration and soil-HM concentration, 444 despite some non-significant correlations (e.g. Cr, Mn, and Fe with df < 28). In this case, non-445 significant correlations may be attributed to the small sample size or the narrow soil-HM 446 concentrations less than one order of magnitude. For these reasons, the actual uptake correlation 447 values for Cr, Mn, and Fe cannot be considered representative of any significant biological 448 trends until more data are available. As for the correlations between residual values of SEY % or 449 BCF with soil-HM concentration, all of the HM studied show negative correlations, with the 450 exception of Ni, Co, and Mn. The non-significant correlations observed can be attributed to the 451 effects of sample size or soil concentration range as previously stated, particularly for Co and 452
Mn. However, any positive SEY % or BCF correlations imply that plants show higher relative 453 uptake of Ni, Co, and Mn under increasing soil-HM concentrations, thus indicating their greater 454 phytoremediation potential compared to the other HM studied. In this regard, the relative plant 455 HM uptake may be affected by edaphic conditions, particularly soil-HM bioavailability (Walker 456 et al. 2003) . For example, a plant uptake likely increase as soil-pH becomes acidic, relating to 457 increased HM bioavailability when colloidal sorption decreases (Apak 2002) . Hence, plant HM 458 levels may be higher when grown in more acidic soil conditions, then explaining differences in 459 HM-specific uptake. 460 461 From our meta-analytical results, the TI values, which represent relative plant growth, 462 decreased as the plant or soil-HM concentrations increased while there was no significant 463 correlation between TI and total plant HM content. Accordingly, the potential for 464 phytoextraction is likely affected by the rate of HM uptake rather than the level of HM tolerance, 465 meaning that high biomass species may take up greater total HM content than low biomass 466 species while possibly tolerating equal plant HM concentration. Nevertheless, we have provided 467 evidence that plants subjected to soil-HM conditions are in the zone of nutrient toxicity and that 468 any further HM uptake would eventually result in plant death; this being in agreement with the 469 generalized relationship between plant growth and nutrient concentration (Epstein 1972) . This is 470 an indication that plants are becoming increasingly stressed, with their overall health declining 471 under such soil-HM conditions. In our study, there is some incidence of increased plant growth 472 under HM relative to non-HM conditions, yet this was not observed in conjunction with any 473 decrease in plant HM concentration. Therefore, it may be interpreted that plants do not use any 474 mechanism of growth dilution effect in tolerating soil-HM stress, a process in which the 475 concentration of any compound decreases subsequent to its distribution in the growing biomass 476 (Newman and Unger 2003). Instead, our findings strongly suggest a compromise with regard to 477 plant resource allocation, this affecting plant capacity for HM uptake, tolerance, and growth 478 under soil-HM conditions. In view of these metabolic costs, high biomass plants (e.g. Zea mays 479 and Nicotiana sp.) have seldom been shown to take up higher HM concentration than some low 480 biomass plants (e.g. Alysum corsicum and Raphanus sativus). Therefore, HM phytoextraction 481 under increasing soil-HM concentrations would decline, and be limited to only better adapted or 482 hyperaccumulator species (Xue et al. 2004; Yanai et al. 2006) . 483
As for the fitted correlation coefficients, these values can also be interpreted as measures 484 of variance between the different plant species chosen or the different experimental parameters12 (e.g. HM, plant tissue, or study type), as compared with the unfitted values. Notably, the 486 correlation values were significantly strongest once fitted for reference and plant species type; 487 therefore, the highest proportion of variance is attributable to the different methods or treatments 488 used in each study as well as the different plant species studied. It has been reported that 489 chelating agents enhance plant HM uptake Chen et al. 2003b; Cui et al. 490 2004; Jiang and Yang 2004) . It has also been shown that hyperaccumulators often tolerate and 491 take up higher HM levels compared to non-hyperaccumulator species (Delorme et al. 2001; 492 Marchiol et al. 2004; Shen et al. 2002) . Moreover, the correlation values fitted for plant tissue or 493 study type were mostly not different from the unfitted values, and therefore account for only a 494 small proportion of the variance in our study. This has occurred even though plant HM uptake 495 levels were not necessarily the same in both shoots and roots for different plant species or HM 496 type (Chaney et al. 1997) , and despite the fact that these plant HM levels differed between 497 laboratory and field conditions (Huang and Cunningham 1996) . 498 499
CONCLUSION 500
Our meta-analytical study has quantified key relationships involving the physiology of 501 plants and the HM phytoextraction process. From these results, we should reject the assertion 502 that HM phytoextraction is an effective means of soil remediation under increasing soil-HM 503 levels. In this regard, it would be important to better understand the metabolic compromises in 504 plants between investing in HM tolerance and growth in a bioremediation perspective. 505
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